Abstract
Introduction
The prevailing issues of fossil fuels as primary energy sources have continued to provoke interest in exploiting suitable biomass resources for combustion processes in the energy industry. Climate change persistence, environmental pollution and degradation, uneven widespread of fossil deposit, and price fluctuations are among the problems which integrating biomass into the primary energy production has aimed to abate. With biofuel recognised as an alternative fuel source that is net carbon dioxide-neutral, policies to integrate it into national energy mixes have been promoted by some governments. For instance, Nigeria's biofuel policy stipulated a blend of up to 10% ethanol with gasoline, even though the biofuel would be imported for the initial three years until capacity and capability (infrastructure) are built for local production (Anyaoku, 2007) . The policy envisages the country achieve a 100% biofuel production by 2020. Brazil's biofuel programme has a long history (Soccol et al., 2005) , with the fuel contributing to local fuel consumption and export. Germany is the largest producer of biodiesel, with Argentina, Brazil, France, Italy, Malaysia and the USA as other leading producers and consumers of biodiesel (Ubrabio & Getulio, 2010) . South Africa's national biofuel strategic policy targeted a 2% biofuel integration into the liquid fuel mix by 2015 (DME, 2007) .
As the policies are implemented globally at different scales, biomass demand for energy production is going to increase in the near future. In order to forestall the challenge of inadequate supply of suitable plant varieties, a good number of possible biomass species need to be screened for their potential for bioenergy production. As a contribution to this, some biomass species in Nigeria such as palm kernel shell (Elaeis guineensis), African bush mango wood and shell (Irvingia gabonensis/wombolu), and African border tree wood (Newbouldia laevis), were selected for determination of their combustion properties. Palm kernel shell (PKS) is a common residue from oil palm produce which is rich in carbon and is commercially produced in Nigeria and neighbouring West African countries. About 5-7% of a typical fresh palm fruit bunch is composed of PKS, suggesting its relative abundance (Okoroigwe & Saffron, 2012) . Similarly, African bush mango (locally called Ogbono) wood and its shell are common residues in the growing and processing of the seed kernel and pulp (for the sweet species), which are commonly consumed as food in West and Central Africa. They are among some highly valuable and extensively utilised tropical African trees (Ainge & Brown, 2001) . After extraction of the seed, the shell is generally dumped at waste collection sites. The tree is classified as a non-timber tree even though it attains a height of up to 30 m and a girth of about 1.0 m when fully developed (Extension bulletin, 1999) . According to Ayuk et al. (1999) , about 169 kg per grower of Irvingia spp seed is recorded in three divisions in Cameroon. Usually, the shell of Irvirngia spp is about five times the mass of the kernel (seed), which would amount to about 845 kg of shell produced per grower in the divisions. The African border tree (called Ogirisi in South-Eastern Nigeria) is non-edible, but medicinal values of its leaves and bark have been reported (Okpala, 2015; Bafor & Sanni, 2009; Ejele et al., 2012) , and it is commonly used as a land boundary marker. It is a fastgrowing, soft-wood and drought-resistant tree.
Thermogravimetric (TG) analysis is the most commonly applied thermoanalytical technique in solid-phase thermal degradation studies (Ninan, 1989) for the purposes of understanding and establishing their thermal degradation kinetics. Usually, the mass of the material heated at a specific heating rate is monitored with respect to time and temperature. Some researchers have used the technique to study the thermal decomposition of biomass under oxidative and inert conditions. For instance, Wilson et al. (2011) studied the thermal degradation characteristics of bagasse, palm stem, cashew nut shells, coffee husks, and sisal bole under oxidative conditions, and found that cashew nut shells were the most reactive of the samples, based on their mass loss rate and lower burnout temperature. Similarly, Munir et al. (2009) used the TG method to establish the combustion kinetics of cotton stalk, sugar cane bagasse and shea meal, while El may et al. (2012) characterised date palm residue using TG analysis under oxidative conditions.
Understanding the decomposition kinetics and combustion behaviour of the selected biomass would aid in the design of chemical processes leading to biofuel production from them. This is in agreement with similar understanding derived from studies of the kinetics of thermal decomposition of other fuels such as coal char (Roberts et al., 2015; Niu et al., 2016) , plastics (Apaydin-Varol et al., 2014) , municipal solid waste (Conesa & Rey, 2015) and biodiesel (Lin et al., 2013) . Hence, the objective of this investigation is to determine the combustion and decomposition characteristics of the four tropical biomass species using the TG method. The plants are classified as agricultural residues, nontree timber and wild plant (non-food plant). The residues constitute environmental nuisance if they are not burnt to dispose of them. In large-scale plantations, their offcuts (residues), pose problems for agricultural machines; there is therefore a need to find an alternative use for the residues.
Material and method

Feedstock
In this investigation, four biomass samples, viz: palm kernel shell (Elaeis guineensis), African bush mango wood and its shell (Irvingia gabonensis/wombolu), and the African border tree wood (Newbouldia laevis), were randomly selected for the study. The woody samples are counted as non-timber trees even though they can grow large trunks. The feedstock samples obtained within Nsukka town in South East, Nigeria, were air dried and milled to particles of about 1 mm using a Wiley milling machine. TGA was used to determine the devolatilisation data for plotting the TG and the derivative thermogravimetric (DTG) curves. The sample masses used were 24.989 mg, 14.284 mg, 18.840 mg, and 14.907 mg for PKS, African bush mango (ABM) wood, African bush mango (ABM) shell and African border tree (ABT) wood respectively while thermogravimetric analyser, model TGA Q500 was used in the temperature range of 30-750 °C under synthetic air at a temperature gradient of 30 °C.min -1 .
Kinetic study
Kinetic parameters of biomass materials such as activation energy, reaction order and pre-exponential (frequency) factor can be determined by many models. Several investigations have used the Arrhenius equation for the determination of the parameters in both oxidative and inert conditions because of its flexibility and simplicity, compared with other models (Munir et al., 2009; El may et al., 2012; Sait et al., 2012; Parthasarathy et al., 2013; Jeguirim et al., 2014) . The Arrhenius model is used in this investigation in determining activation energy, reaction order and frequency factors that governed the decomposition of the feedstock in oxidative conditions. All models used for biomass kinetic studies are based on rate laws that obey Arrhenius rate expression in Equation 1:
( 1) where k(T) is temperature dependent reaction rate constant, A is pre-exponential or frequency factor, E is activation energy (J.mol -1 ), R is the universal gas constant -8.314 J.mol. -1 K -1 , and T is absolute temperature, K. The activation energy is regarded as 'the energy threshold that must be overcome before molecules can get close enough to react and form products ' (White et al., 2011) .
The kinetics of biomass decomposition can be expressed by the relation in Equation 2.
where t is time, a is degree of conversion, da/dt is rate of isothermal process, and f(a) is the conversion function that represents the model used which depends on the controlling mechanism, according to Equation 3.
By definition, a can be expressed as the mass fraction of biomass substrate that has decomposed in a time t during the decomposition process or mass fraction of volatiles evolved as shown in Equation 4 (White et al., 2011) .
where m o , is the mass of the biomass substrate at the beginning of reaction or initial time, m is the mass of the biomass substrate at any time t, and m f, is the mass of the biomass at the end of the reaction time. The unreacted mass or residue is accounted for in m f . For non-isothermal decomposition, the rate expression which represents reaction rates as function of temperature at a linear heating rate is given in Equation 5. (2012) and Ghetti et al. (1996) . The DTG curve height is a measure of the reactivity of the samples during decomposition stage, hence reactivity R M is directly proportional to the maximum weight loss rate R DTGmax and inversely proportional to its corresponding peak temperature T Peak . This is given in Equation 10.
The summation takes account of any secondary peak or shoulder present in each of the regions considered.
Ignition and burn-out temperature
The ignition temperature T i is the temperature at which major decomposition of the biomass samples began to take place. It is determined by the method described by Xiang-guo et al. The burnout temperature is defined as the temperature at which there is no noticeable weight loss in the TG and DTG curve.
Ignition index and combustion index
The ignition index D i and combustion index S were calculated by Equations 11 and 12 according to methods used in previous research involving other biomass samples (El may et al., 2009; Vamvuka, 2011; Xiang-guo et al., 2006; Sahu et al., 2010) .
where R max = maximum combustion rate (%°C -1 s -1 ) being the peak point on the DTG curve in the combustion zone, t m and t i = times (s) corresponding to maximum combustion rate and ignition temperature respectively, R a is the average mass loss rate under oxidative conditions (%s -1 ), T i and T b are ignition and burn-out temperatures (°C) respectively.
Results and discussion
TG and DTG analysis
The TG and the DTG of the samples are presented individually in Figure 2 (Figure 2d) , which is the region of volatile decomposition (oxidative stage). This is the region of cellulose and hemicellulose decomposition. All the samples except PKS experienced greatest mass loss within this stage though at different temperatures due to differences in their structural composition, as can be seen in Table 1 . The second stage from 355-500 °C (PKS), 350 -475 °C (ABM shell), 375-500 °C (ABM wood) and 350-460 °C (ABT wood) region of char combustion. Figures 2 and 3 show that the decomposition of the biomass samples followed a three step method with the initial mass loss between room temperature and about 110 °C being moisture loss (drying). The amount of moisture lost by each sample is presented in Table 2 . There was mass loss observed for PKS and ABM wood between 100 °C and 200 °C before major structural decomposition of the samples. This can be attributed to light volatile release that was not present in other samples.
The second and last steps are the decomposition stages, during which the samples reached a complete combustion in the presence of oxygen, decomposing into volatile and ash release respectively. The mass fractions of these products are in Table 2 and Table 3 . The TG and DTG profiles show distinctive regions of cellulose and hemicellulose decomposition in the PKS whereas there was no strong indication of this distinctive decomposition of the carbohydrates in the rest of the samples. The hemicellulose decomposition in ABM wood and shell is indicated by the shoulder peak by the left-hand end of their DTG curves while the shoulder peak at the right-hand end of ABT wood DTG shows its cellulose decomposition. The major mass loss in PKS at the combustion zone is confirmed by its large lignin content (Okoroigwe & Saffron, 2012) . This is because lignin decomposition takes place over a large range of temperature usually from 180 -900 °C (Luangkiattikhun, 2008) .
Combustion parameters 3.2.1 Reactivity
The reactivity of the samples in the oxidative and char combustion stages is shown in Tables 2 and 3 the rate of decomposition of the structural components measured by the peak DTG profiles. The results show that within the volatile decomposition (oxidative) stage, PKS was the least reactive, while ABM shell was the most reactive sample in the mix. This is because the hemicellulose and cellulose components of PKS are small compared to its lignin content (Table 1) . On the other hand during the char combustion stage, PKS became the most reactive. These are again expressed by the height of their DTG curves within the regions explained.
Ignition index and combustion index
The ignition and combustion indices of the samples are shown in Table 4 , where ABT wood showed the least ignition temperature, T i, of 275 °C, while PKS showed the highest ignition temperature, T i, of 293°C and least ignition index of 1.068 x10 7 % °C -1 s -2 . All these could be attributed to the low reactivity of the sample due to its high lignin content. It is not quick to ignite PKS but it releases enormous heat during combustion owing to its high heating value (Okoroigwe & Saffron, 2012) 
Burn-out temperature
Burnout temperature has been applied by researchers to characterise combustion properties of some fuels (Lu & Chen, 2015; Son & Sohn, 2015; Moon et al., 2015) . It is defined as a temperature where the rate of weight loss consistently decreases to less than 1%.min -1 (Wilson et al., 2011) . At this temperature, the sample decomposition can be assumed to be nearly complete and there is no further noticeable mass loss in the form of volatiles. The burnout temperatures, T b , of the biomass samples used are presented in Table 4 . Usually, low burnout temperatures indicate how readily the sample combusts; the lower the burnout temperature, the more readily the fuel is burned (Rostam-Abadi et al., 1988) . Among the four samples, ABM shell and ABT wood exhibited the lowest burnout temperature (475 °C) which implies that they can combust more readily than others (Zang et al., 1992; Alvarez & González, 1999) as a result of the samples composition of softer tissues and lower lignin material, as shown in Table 1 . Despite the higher content of lignin in ABM shell than the ABM wood, as shown in Table 1 , its burning was aided by the oil content of the kernel (housed in the shell). The burnout temperatures were, however, higher than 377, 365, 364, 378 and 382 °C obtained by Wilson et al. (2011) , for mill bagasse, palm stem, cashew nut shells, coffee husks and sisal bole biomass species found in the tropics. In spite of these being all tropical plants, two different biomass samples are most likely to differ in their thermal characteristic behaviour due to agronomical differences. The burnout temperature results reported in this investigation can be attributed to the morphological and agronomical differences of the samples used. It can, 
g(a)
T 2 é ë ù û therefore, be inferred that the mill bagasse, palm stem, cashew nut shells, coffee husks and Sisal bole are more readily combustible than the current samples being studied.
Kinetic parameters
The plot of logarithmic rate of reaction against reciprocal of temperature, T -1 , (Equation 9 ) for all the samples during oxidative and char combustion stages is shown in Figure 5 and the summary of the parameters estimated using the intercept and slope of each sample's plot for the two stages are presented in Tables 5 and 6 . The activation energy of any sample undergoing chemical reaction is usually the threshold energy the particles would overcome before the reaction can proceed (White et al., 2011) . Applied here, activation energy is the minimum energy required to start the decomposition reaction.
As observed from Tables 5 and 6 , the activation energy of each sample varied as reaction moved from volatile decomposition stage to char combustion stage. Volatile decomposition is a low-temperature reaction relative to a high-temperature combustion reaction, hence the lower energy requirement at the oxidation stage. Comparison of the activation energy of the samples shows that ABM wood had the lowest activation energy, of 99.03 kJ.mol -1 , while ABT wood had the highest activation energy, of 124.35 kJ.mol -1 . During the combustion stage PKS had the lowest value, of 155.62 kJ.mol -1 , while ABM shell experienced the highest value, of 403.78 kJ.mol -1 . The two-stage structural decomposition process showed that the activation energy values were proportional to the process reaction order and the same for frequency factors. There is limited literature on the activation energy of the current samples, except for PKS, whose activation energy is within the range reported by Idris et al. (2012) despite using different experimental methods by them. The activation energy of the four samples were compared with those of other biomass samples reported (Wilson et al., 2011; Shen et al., 2009) , as presented in Table 7 . Table 7 shows that the average activation energy values of current samples differ from those reported by other researchers for different biomass samples at different heating rates. Heating rate, particle size, model employed in the analyses, and the experimental medium are among the factors that can affect the combustion parameter estimation. Insufficient and/or lack of research in the reactivity behaviour of samples similar to the current ones and perhaps their heterogeneous nature, might be responsible for the differences in comparison with others. The values obtained in this investigation can, therefore, be accepted in the context of the associated experiment and can be used to predict the combustion behaviour of the feedstock. Generally, however, the values obtained here are lower than those reported by Wilson et al. (2011) for palm stem, cashew nut shells, coffee husks and sisal bole, even though they differ in morphology and plant family. They are also higher than those of oak, aspen, birch and pine reported by Shen et al. (2009) . The implication is that less energy is required to convert the samples in this work to bioenergy than the samples reported by 
Conclusions
The combustion characteristics and decomposition kinetics of the biomass samples under oxidative conditions were studied. The thermal decomposition process showed distinctly the regions of moisture loss, structural decomposition and char combustion stages.
At the heating rate of 30 °C.min -1 the volatile release stage was the most critical of the degradation process in all the samples because the greater mass loss was observed in this region, with the exception only of PKS. The greater combustion process of the samples, except for PKS, would, therefore, most likely take place at this temperature region, with lower degree of combustion taking place at the higher temperatures.
The samples were characterised by low activation energies and decomposed at low energy input compared with some biomass samples reported in literature under combustion conditions but different heating rate and particle size. The samples also displayed high reaction rates during the structural decomposition stages with high volatile release.
Under an oxygenated medium, the combustion processes of the samples was complete, leading to low-carbon emission, which is a good attribute of biomass combustion for bioenergy production.
Owing to lack of reports on oxidative and combustion characteristics of the biomass samples studied in this research, further investigation involving varying particle size, heating rates, pre-treatments, cultivation, location and biomass age (maturity) are proposed. This will not only provide additional information on the combustion properties of the samples but also validate the results presented in this research.
